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ABSTRACT 

This paper presents a review of available analytical methods and compu- 
ter programs developed in-house or funded by NASA for the aerodynamic anal- 
ysis of radial turbines. A brief description of the radial turbine and its 
analysis needs is followed by discussions of five analytical areas; design 
geometry and performance, off-design performance, blade-row flow, scroll 
flow, and duct flow. The functions of the programs, areas of applicability, 
and limitations and uncertainties are emphasized. Both past contributions 
and current activities are discussed. 


INTRODUCTION 

This paper provides a guide to NASA-developed methods and programs that 
are available for the aerodynamic analysis of radial turbines. The NASA 
Lewis Research Center has been involved in radial turbine research since the 
early siAties, when interest developed in Brayton Cycle space power 
systems. Since then, interest and efforts in radial turbines have extended 
to applications such as helicopter turbine engines, automotive turbine en- 
gines, and turbochargers for both automotive and general-aviation engines. 

A significant part of the past and present efforts has been and is still 
being devoted to the development of analytical techniques and associated 
computer programs for aerodynamic analyses of these radial turbines. 

Only a few of the larger private companies can afford to support compu- 
ter program development, and the results of this work usually remain propri- 
etary. Most companies and consultants depend on the open literature for 
their analysis capabilities. The radial turbine analytical techniques and 
computer programs presented in the open literature are primarily the results 
of government (in-house and sponsored) and university work, with NASA pro- 
viding a major and widely-used share. 

Presented <n this paper is a review of analytical methods and computer 
programs developed in-house or funded by NASA for the aerodynamic analysis 
of radial turbines. A brief description of the radial turbine and its anal- 
ysis needs is followed by discussions of five analytical areas: design 
geometry and performance, off-design performance, blade-row flow, scroll 
flow, and duct flow. The functions of the programs, areas of applicability, 
and limitations and uncertainties are emphasized. Both past contributions 
and current activities are discussed. 


turbine description and required analyses 

Radial turbines are suitable for many applications where compact power 
sources are required, A general discussion of the radial turbine and its 
features and behavior can be found in reference 1, Turbines of this type 
have a number of desirable characteristics such as high efficiency poten- 
tial, ease of manufacture, sturdy construction, and reliability (when made 
of metal). In order to realize the high efficiency potential, it is neces- 
sary to be able to relate design geometry to the application requirements 
and then to detern.ine efficiency as a function of both. This is the func- 
tion of the "design" analysis. Since engines often operate over wide ranges 
of speed and pressure ratio, it is necessary to estimate the performance of 
a given turbine over its full range of operation. It is the "off-design" 
analysis that does this. 

Figure 1 shows a section through a typical radial turbine. The flow 
enters the stator radially and leaves the rotor axially. This turning of 
the flow takes place in the rotor passage, which is relatively long and nar- 
row. Figure 2 shows the stator and rotor blading. The stator blade usually 
has little or no camber as a result of a tangential component of velocity 
developed in the inlet scroll. The low solidity and low aspect ratio typi- 
cal of radial turbine stators can be seen. At the rotor inlet, where the 
flow velocity relative to the rotor is approximately radial, the rotor 
blades are usually straight and radial. This straight section of the rotor 
blade generally is rather highly loaded. In order to reduce this high load- 
ing, splitter or partial blades are sometimes placed between the full 
blades, as shown for the turbine of figure 2. At the rotor exit, the blades 
are curved to turn the flow so that the exit absolute velocity is approxi- 
mately axial. 

In order for the turbine to achieve the high efficiencies predicted by 
the "design" analysis, the stator and rotor blades must have the proper 
Shapes and spacings so that the flow remains well behaved. To design the 
blades to do this, it is necessary to be able to analyze the velocity dis- 
tribution in the blade-row passages and on the blade surfaces. 

Flow usually enters the radial turbine by means of some type of pipe-fed 
inlet manifold rather than from a full annular passage. A scroll, sometimes 
called a volute and shown in figure 3, often surrounds the stator inlet. 

The scroll is fed by a tangential inlet pipe, which imparts a tangential 
component of velocity to the gas before it enters the stator blade row. It 
can be seen from figure 3 that the scroll diameter is considerably larger 
than the rotor diameter. Since it is the scroll that distributes the flow 
to the stator passages, it is necessary to analyze the velocity distribution 
in the scroll in order to achieve a design that provides an even distribu- 
tion of clean flow to the turbine. 

Small engine designs usually require turbine interspool and/or exit dif- 
fuser ducts to transport and condition the flow between compone nts. Fig- 
ure 4 illustrates a radial turbine with an exit diffuser duct. Interspool 
ducts exhibit less of an area change and usually do not turn the flow except 
as needed to provide a radius change. While interspool and exit ducts are 
not strictly parts of the turbine, they must be analyzed and designed in 
conjunction with the turbine if an optimum turbine system overall design is 
to be achieved. Therefore, we want to be able to analyze flow in these 
ducts to assure designs capable of providing clean flow and good performance. 
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DESIGN 6E0^CTRY AND PERFORMANCE 

The "design" analysis is the first step In any turbine study. It Is 
used to determine the overall size and shape of the turbine flowpath and the 
design-point efficiency. Design geometry (flowpath radii, iteights, and 
angles) is related to the application requirements of speed, flow, and 
power. The resultant dimensions, velocities, and angles then serve to de- 
fine turbine efficiency by means of some assumed loss model. 

A generalized design analysis was presented by Rohlik (ref. H), who used 
the dimensionless parameter specific speed 


Specific speed 


(Rotative speed) (Volume flow)^^^ 
(Ideal work)^^'^ 


to define the application requirements. A given specific speed can be sat- 
isfied by various combinations of geometric parameters, and reference 2 
analyzes these to determine the optimum combinations for maximum static ef- 
ficiency. 

The analysis related losses to mean-section flow properties, neglecting 
hub-to-shroud variations. The losses considered were those caused by the 
stator and rotor boundary layers, clearance, windage, and exit kinetic 
energy. Assumptions included the use of straight radial blades at the rotor 
inlet, a favorable velocity Increase in the rotor with an associated low 
loss coefficient, axial flow out of the rotor, and practical limitations on 
geometric para?neters. 

The overall results of the loss analysis are shown In figure 5, Each 
shaded area represents all the results for a given stator-exit angle with 
the various combinations of dimension ratios. Each point along the curve of 
maximum static efficiency, therefore, corresponds to some optimum combina- 
tion of geometric parameters. Plotted in reference 2 (also in ref. 1) as 
functions of specific speed are the optimum values of stator-exit angle, 
ratio of stator height to rotor-inlet diameter, ratio of rotor-exit- tip to 
rotor-inlet diameter, and blade-jet speed ratio. These graphs can be used 
to quickly size a radial turbine consistent with the assumptions of the 
analysis. Because of the many assumptions associated with the loss model, 
the computed values of efficiency are considered to be more uncertain than 
are the optimum geometries. 

The analysis of a power or propulsion system involves many repetitive 
calculations of component performance and geometry over a range of condi- 
tions. Although the generalized graphs of reference 2 provide some conven- 
ience, such calculations are most easily and quickly done by a computer. A 
computer program for the design analysis of radial turbines was developed by 
Glassman (ref. 3). The flow analysis is one-dimensional at the stator In- 
let, stator exit, and rotor inlet, each of these calculation stations being 
at a constant radius. Straight radial blades are assumed at the rotor in- 
let, and the design point is restricted to the optimum, or zero-incidence 
loss, case. At the rotor exit, where there is a variation in flow-field 
radius, an axisymmetric two-dimensional analysis is made using constant 
height sectors. Simple radial equilibrium is used to establish the static 
pressure gradient between sectors. 

Program input design requirements are power, mass flow rate, inlet tem- 
perature and pressure, and rotati ve speed. The desi gn parameters that can 
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be varied include stator-exit angle, rotor^exlt-tlp to rotor-inlet radius 
ratio, rotor-exlt-hub to tip radius ratio, and the magnitude and radial dls- 
trlbutloh of rotor-exit tangential velocity. This latter parameter allows 
designs with exU swirl (non-axial exit flow). While this can reduce the 
required rotor tip speed for a zero-incidence design, it increases rotor 
exit section and downstream duct losses and the proper trade-off must be 
made. 

The program output Includes diameters, total and static efficiencies, 
and all absolute and relative temperatures, pressures, velocities, and flow 
angles at stator Inlet, stator exit, rotor Inlet, and rotor exit. At the 
rotor exit, these values are presented at the mid-radius of each of the ra- 
dial sectors as well as at the hub and tip. Examples of computed rotor-exit 
radial gradients of relative and absolute critical velocity ratios and rela- 
tive flow angle are shown In figure 6. The gradients are significant, espe- 
cially for relative flow angle, which is reflected by the amount of rotor- 
exit blade twist. The gradients can be such that in many cases where a 
strictly mean-diameter analysis provides a solution consistent with certain 
assumptions, a two-dimensional analysis shows that there is no solution. 

A major uncertainty associated with this computer program is the loss 
model, which 1s a modification and extension of the model used In refer- 
ence 2, The stator and rotor viscous losses are the major losses for the 
turbine, and these have been calibrated on the basis of a very limited 
amount of data available from a single turbine of rather low pressure ra- 
tio. A larger well-documented data base 1s needed before a loss model, un- 
doubtedly modified from the current one, can be used with any confidence. 

Updated versions of the reference 3 program are currently in use at NASA 
Lewis Research Center. The analysis Is no longer restricted to straight 
radial blades at the rotor inlet. We intend to remove the restriction to 
zero-lncldence-loss designs. At the rotor exit, the two-dimensional sector 
analysis can now handle constant area or constant flow sectors as well as 
the original constant height sectors. Incorporated into one version of the 
program are idealized loading models and associated boundary- layer calcula- 
tions for both stator and rotor. Also Included Is a vaneless space loss. 
These features should provide the loss model with some flexibility in evalu- 
ating designs of differing geometries and rotor reactions. 


OFF-DESIGN PERFORMANCE 

A turbine is designed for a single operating point, i.e., the design 
point. Since engines often operate over a wide range of conditions, the 
turbine is required to perform at conditions of speed and pressure ratio 
other than those of the design point. Under these different operating con- 
ditions, which affect turbine work output and flow rate, the turbine is said 
to be operating off-design. In order to maximize off-design performance, 
some turbines are made with a stator capable of area variation, either by 
pivoting vanes or moving endwalls. Tins area variation then becomes another 
facet of off-design operation. ■ 

The approach to off-design analysis methods is somewhat different from 
that used for design analysis. In the off-design analysis, the geometry is 
fixed and the independent variables are blade speed, pressure ratio and, 
sometimes, stator area. The dependent variables are efficiency and flow 
rate. Losses calculated for the stator and rotor depend on loss coeff i- 


dents selected to force agreement between calculated and experimental or 
design values at the design point. The first radial turbine off-design per- 
formance analysis method developed at NASA Lewis Research Center is de- 
scribed by Futral and Wasserbauer (ref. 4), and the associated computer pro- 
gram is presented by Todd and Futral (ref. 5). These are merrtioned here 
primarily for historical recognition. The loss modeling was based on the 
only experimental data available at that time, which was for one rather un- 
conventional radial turbine. As more data became available from the NASA 
research program, the loss model was updated and the program modified by 
Wasserbauer and Classman (ref. 6). 

The analysis of reference 6 uses a one-dimensional solution of flow con- 
ditions through the turbine along a mean flowpath, neglecting hub-to-shroud 
variations at the rotor exit. This analysis is restricted to the case where 
the blades are straight and radial at the rotor inlet. Stator and rotor 
trail in-i-edge blockages are included in the analysis, with choking based on 
inside-the-traili ng-edge areas. Program output includes performance and 
velocity-diagram parameters for all speeds over a range of pressure ratio. 

Figure 7 illustrates results obtained from this computer program by pre- 
senting calculated performance over a range of speed and pressure ratio and 
comparing this with experimental performance, The mass flow estimation 
(fig. 7(a)) shows an accurate representation of the experimental variation 
with pressure ratio. The calculated efficiencies, shown in figure 7(b) 
plotted against blade-jet speed ratio, are generally within 1 percent of the 
experimental values. Blade-jet speed ratio is the rotor tip speed divided 
by the isentropic velocity corresponding to turbine total-to-static pressure 
ratio. 

A word of caution is in order with regard to the program procedure 
(called the design option in ref. 6) that attempts to compute stator and 
rotor loss coefficients satisfying the design conditions of flow, effi- 
ciency, and pressure ratio. Often, the design option is unable to produce 
any solution. Sometimes a solution is found where the coefficients are not 
reasonable. It has been our experience that it is best not to use the 
design option. We recommend that a reasonable value, the design value if 
available, be used for the stator loss coefficient and the rotor loss 
•coefficient be determined on the basis of matching design-point efficiency 
and pressure ratio. The input flow areas, which are usually not accurately 
known for fabricated hardware, can then be adjusted if necesasary to match 
flow rate. 

Although the program of reference 6 can and has been used for estimating 
off-design performance due to stator area variation, there was originally no 
loss modeling provided for variable area. An off-design performance loss 
model for a radial turbine with variable-area pivoting-vane stators was de- 
veloped by Meitner and Glassman (ref. 7). A viscous loss model is used for 
the variation in stator loss coefficient v/ith setting angle. Stator vane 
end-clearance leakage effects are predicted by a clearance flow model. The 
variation in rotor loss coefficient with stator setting angle (for no stator 
clearance) was obtained by analytical matching of experimental data for a 
rotor previously tested with six stators having throat areas from 20 to 144 
percent of design area. Figure 8 shows the effect of incorporating this new 
loss model into the off-design performance calculation. Comparison of cal- 
culated and experimental efficiencies shows that a significant improvement 
in predicted efficiency at off-design stator areas is obtained with the new 
loss model. 


A new coffliputer program for radial turbine off-design analysis is cur- 
rently being written at NASA Lewis Research Center, The variable-stator 
loss model will be included in the program. At the rotor inlet, the anal- 
ysis will accommodate non-radial (swept) as well a$ radial blading. A two- 
dimensional sector analysis will replace the one-dimensional mean-section 
analysis at the rotor exit. Rotor clearance and disk friction losses are 
being added to the loss model. These features will make the off-design 
program more compatible with the design program. 


BLADE-ROW FLOW 

In order to Insure good performance from turbine blades, it is necessary 
to determine and control the flow distriCrtion throughout the blading flow 
passages, Velocity gradients occur from blade to blade as a result of the 
static pressure difference required to turn the flow. Variations in veloc- 
ity from hub to shroud (when a radius change occurs between hub and shroud) 
occur as a resuTt of radial equilibrium and effects of changing blade 
speed. The desiqn of a proper blade profile, therefore, depends on our 
ability to calculate this three-dimensional flow field and determine the 
velocities at the blade surfaces. 

Flow in a turbomachine involves three-dimensional viscous unsteady flow 
through geometrically complex passages. The design tools of today cannot 
handle such a flow problem. In order for the designer to calculate a veloc- 
ity distribution with reasonable dispatch, the analysis methods used are 
based on a number of simplifying assumptions. First of all, three- 
dimensional flow is simplified to two-dimensional flow to provide solutions 
in the hub-to-shroud, blade-to-blade, and orthogonal surface of blade pas- 
sages. These surfaces for a radial turbine rotor are illustrated in fig- 
ure 9. In addition, the flow is assumed to be steady re lative to the 

blades, isentropic, invi scid, and ideal. As wi 1 1 be di scussed later in this 
section, more rigorous analysis methods are be i ng developed. 

Tw., basic computation methods have been used in the past at NASA Lewis 
Research Center to obtain the currently operational two-dimensional flow 
solutions; a stream function method, which gives results for the entire flow 
passage but is limited to subsonic flow regions, and a velocity gradient 
method, which gives results only for the guided part of a passage but can be 
used for all flow regimes. The computer programs currently being used most 
at NASA Lewis R'^search Center for radial turbine blade row flow are the 
hub-to-shroud analysis (MERIDL) of Katsanis and McNally (ref. 8) and the 
blade-to-blade analysis (TSONIC) of Katsanis (ref. 9) . Subsonic solutions 
are obtained directly by the stream function method. Transonic solutions 
are obtained by a velocity gradient approximation that uses information from 
a stream function solution at a reduced mass flow. 

The TSONIC program has been extensively modified as reported by Wood 
(ref. 10), since its publication more than 10 years ago. The velocity gra- 
dient approximation for transonic solutions has been replaced by a stream- 
sheet thickness modification. The solution is more stable and the results 
more reliable than those of the original program, and all input for the cur- 
rent version is directly provided in card format by the output from the 
MERIDL program of reference 8. These analyses have been extensively veri- 
fied for axial-flow blade rows, but appropriate experimental data is lacking 
for radial turbine blade rows. 


Hub-to-shroud and blade-to-blade solutions can also be obtained using 
velocity gradient methods alone, The velocity gradient, or stream filament, 
method can only give solutions within a passage where both ends of all 
streamline orthogonals Intersect a solid boundary, Therefore, the useful- 
ness of this method depends on the degree of flow guidance provided by the 
blades. For a radial turbine stator, where there Is usually a large amount 
of unguided pasasage, the velocity gradient method Is not very useful. 

Velocity gradient analyses specifically developed for radial turbine 
rotors are the hub-to-shroud (ref, 11) and blade-to-blade (ref, 12) analyses 
of Katsanis. These analyses are based on use of the velocity gradient equa- 
tion along fixed straight lines, called quasl-orthogonals, rather than along 
orthogonals, whose length and location are not known In advance. The hub- 
to-shroud analysis of reference 12 also Includes an approximate calculation 
of blade surface velocities based on a linear velocity distribution between 
blades. This program is particularly useful for Initial screening studies 
and in smaller computer installations because It requires much less storage 
and much shorter running times as compared to the stream function programs. 

A comparison of rotor blade surface velocity distributions as computed by 
the approximate method of reference U and the more rigorous method of ref- 
erence 9 is shown In figure 10. The surface velocities agree fairly well 
over the mid-portion of the blade. An appreciable difference, however, oc- 
curs at the leading and trailing edge regions because of the differing as- 
sumptions. 

Velocity gradient methods were also used by Katsanis (ref, 13) to doter- 
mine velocity variations from hub to tip along meridional streamline orthog- 
onals and from blade to blade along hub, mean, and tip streamline orthogo- 
nals. This results In a flow solution for an orthogonal surface (fig. y(c)) 
Computations are made for a number of these surfaces along the blade passage 
This program not only yields surface velocities, but also yields a two- 
dimensional estimate for design and choking mass flows. 

Currently there are numerous in-house, contract, and grant activities at 
NASA Lewis Research Center in the field of computational fluid mechanics for 
turbomachinery. A recently developed blade-to-blade analysis program, 
called QSONIC, uses a full potential method to provide a more valid tran- 
sonic solution, in about twice the running time, than that obtained from 
TSONIC. This analysis calculates shocks and is considered valid for Mach 
numbers up to about 1.4. Another recently developed program uses a panel 
method to provide blade-to-blade solutions almost as good as those from 
TSONIC, but in one-tenth or less the running time. At present, this program 
does not permit a change in radius; however, the addition of such a capabil- 
ity is not a difficult problem. Bo In of these recent developments will be 
publ ished. 

Two-dimensional viscous, three-dimensional inviscid, and three-dimen- 
sional viscous analysis methods are also being explored and developed. In 
time, computer programs based on these methods will achieve operational sta- 
tus and find their way into use for radial blade-row flow analysi s. 


SCROLL FLOW 

A radial turbine scrol 1, shown in figure 3, is usually designed in a 
helical configuration to discharge uniformly into the stator vanes or, in 
the case of a vaneless turbine, into the rotor. This is shown by the 


scroll-nozzTe stream surface in figure 11. The actual flow in a scroll is 
three-dimensional, compressible, and viscous. Even in the absence of vis- 
cous effects, three-dimensional flow is caused by the continuous discharge 
of flow Into the vanes. Studies have shown that the performance of the sta- 
tor vanes and the flow distribution are greatly influenced by the flow inci- 
dence angle at the vane inlet and this can vary from vane to vane. There- 
fore, knowledge and control of the flow conditions at the scroll exit is 
essential in order to predict as well as to maximize stator performance. 

Most radial turbine design and performance analyses conducted in the 
past have either ignored the scroll, combined it with the stator loss coef- 
ficient for purposes of performance prediction, or for flow analysis assumed 
one-dimensional flow and conservation of mass and angular momentum. In or- 
der to improve our knowledge of scroll flow and our ability to predict it, a 
grant program was undertaken with the University of Cincinnati in 1975. 

This program was both analytical and experimental in nature and the analyti- 
cal efforts will be summarized herein. 

The three-dimensional inviscid flow field in the scroll was formulated 
in terms of the velocity potential. Because of the geometrical complexity 
of the flow field, considerations of storage requirements and running time, 
and solution method limitations, the problem was broken down and studied 
primarily in terms of incompressible two-dimensional flow fields in order to 
get a quasi-three-dimensional picture of the 'low. The two-dimensional flow 
field on a scroll-nozzle stream surface, shown in figure 11, was investiga- 
ted by Baskharone, Hamed, and Tabakoff (ref. 14) using the finite element 
method for solution. The report presents the computer program along with 
the analysis results. The calculated velocity field, an example of which is 
shown in figure 10, is used by the program to detennine the variation in 
mass flow between the different stator channels. For the velocity field 
illustrated in figure 12, the mass flow through the individual stator chan- 
nels varied from about 8 percent below to about 15 percent above the average 
value. 

A study was performed to investigate the effects of scroll shape and 
throughflow velocity profile on the flow velocities in the cross-sectional 
planes, shown in figure 13, of the scroll. The analysis and the computer 
program are presented by Abdallah, Hamed, and Tabakoff in references 15 
and 16, respectively. A finite difference solution procedure was used for 
this effort. 

Hamed and Baskharone (ref. 17) present an analysis using the finite ele- 
ment method for the three-dimensional flow field in a vaneless scroll-nozzle 
assembly. A comparison of analytical and experimental results, some of 
which is shown in figure 13, is presented for the throughflow velocities in 
cross-sectional planes. Although the experimental data was for a scroll 
followed by nozzle vanes, as opposed to the analysis which was for a vane- 
less case, the comparison is made because this was the only data available. 
Considering the aforementioned difference along with the fact that secondary 
flow and viscosity were not included in the analysis, the comparison is en- 
couraging. 

In order to extend and improve the analysis methods and computer pro- 
grams, a follow-on grant effort with the University of Cincinnati was initi- 
ated earlier this year along with a companion effort to provide experimental 
verification. Both the analysis and experiments will be done with the same 
scroll geometry. 


Design methods for diffusers have long been based on empirical correla- 
tions. These empirical criteria, however, are not adequate for designing 
curved wall diffusing ducts. The first design method used for diffuser duct 
flow analysis divided the flow field into inviscid and viscous parts. The 
inviscid solution, such as provided by the andlysis of Katsariis and McNaJly 
(ref. 8), and the boundary layer solution, such as provided by the analysis 
of McNally (ref. 18), must be iterated to convergence. Problems encountered 
with this type of anaTysis used for diffuser ducts were frequent failure to 
converge and unsatisfactory prediction of separation. 

An improved analysis method and program developed by Anderson is presen- 
ted in reference 19. The method for "Olving thf/ axi symmetric compressible 
swirling flow problem was based on a single set of equations for the entire 
flow field in the diffuser, thereby eliminating the iterations between in- 
viscid and boundary layer solutions. The analysis can treat flows with ar- 
bitrary distributions of heat and mass transfer at the walls, and can in- 
clude the effects of struts or blades in the duct passage. It was found 
that the method of reference 19 yielded good results when the curvature on 
both walls was small and nearly the same; however, the solution sometimes 
fai led or yielded significant errors when the curvature varied significant ly 
from wall to wall or when larger curvatures were encountered. 

In an Army sponsored follow-on program, Anderson (ref. 20) extended the 
analysis and program to Include ducts with larger curvature, slot-cooled 
walls, and flows downstream of separation. A turbine Interspool duct (de- 
signed for an inlet Mach number of 0.5 and an inlet flow angle of 20“ ) 
tested at NASA Lewis Research Center is shown in figure 14. Shown in the 
figure is the survey plane where measurements of total pressure and flow 
angle were made. Figure 15 presents the measured radial distributions of 
total pressure and flow angle at the survey plane and compares them with 
analytical results from the program of reference 20. Excellent agreement is 
obtained even though the flow is considerably separated at the measurement 
plane. 

A DOE-funded program with United Technologies Research Laboratories un- 
der contract to NASA Lewis Research Center was very recently initiated to 
further extend the Anderson program to be more compatible with small engine 
requirements. ^ The computer program is to be modified to: (1) accommodate 

ducts with 90“ or more of turning (such as that illustrated in figure 4; (2) 
.■include loss correlations more suitable to small turbines; (3) allow more 
general strut and vane geometries; and (4) provide detailed output at planes 
within the duct. The updated program should be available in about 1 year. 


CONCLUDING REMARKS 

This paper reviewed analytical methods and computer programs developed 
in-house or funded by NASA for the aerodynamic analysis of radial turbines. 
Five analytical areas were di scussed: design geometry and performance, 
off-design performance, blade- row flow, scroll flow, and duct flow. The 
NASA contributions are certainly not the only analytical methods and pro- 
grams that have been developed or even published; however, they do consti- 
tute a major share of the analytical tools openly available to the technical 
community. Most of the computer programs referenced in this paper can be 


obtained from tbe Computer Software Management Infonnatlon Center (COSMIC), 
Barrow Hall, Univer!»ity of Georgia, Athens, Georgia SObOl. Inquiries for 
general information concerning these programs can be directed to any of the 
referenced authors or to me, 
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Figurt 3. - Radiil turbint with scroll. 



figure 4. - Radial turbine with diffuser duct. 


ORIGINAL PAGE H 
OF POOR (JUALITY 






RATIO Of INLET TOTAL PRESSURE TO 
EXIT STATIC PRESSURE 

III MASS aOW RATE. 


TOTAL 

EfnCIENCV 




I 


(bl EFFICIENCY, 

Flguru T, • Coinparlsw) Of talculaW and exparliiwnlil |»rformanc« (or ofl-dOilgn 
Qiwrallon, 



Figure S. > Loss model comparison for virlable-'Slalor ridlil 
turbine. 






ai9-v 

azonl 




(»)CALCUIAHD. (blEXPtRIMtNTAL. 

Figure 13. • Coniparlson ol calculated and eKperlinenlal Ihroughilow velocities on scroll 
cro$$*$ectlonil plane. 


i-STAtOR 

\VANE 



'-I'REROTATION vane 
TRAILING EDGE 


Figure 14. • Interstage duct (low path. 
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